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(At the Tevatron)

R

2 Top pair production via strong interaction

% ONnLO=60.7 = 0.8 pb 9 Lk t
st Observed in 1995
| X o M g§ b
2 Single top production via electroweak interaction
5¢ s-channel: q
onLo= 0.88 + 0.07 pb q t

Al

% t-channel:

onrLo= 1.98 = 0.21 pb
s Evidence 1n 2006
% Observed March 2009 t 4

For Miop=175 GeV. Top Pair: Cacciari, et al. arXiv:0804:2800 (2008); Single Top: Z. Sullivan, Phys. Rev. D70, 114012 (2004).
Compatible Predictions: Top Pair: Kidonakis & Vogt, arXiv: 0805.3844 (2008); Single Top: Campbell/Ellis/Tramontano, Phys. Rev. D70,
094012 (2004), N. Kidonakis, Phys. Rev. D74, 114012 (2006).

S|
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‘¢ Rate of single top production

sensitive to new physics [ Ve Vus Vi Vux? )
. 7
¢ SM rate proportional to |V Vea Vs ‘icb Vex ?
¢ [Vl poorly constrained by other Vib  Vix

measurements \ VYd? VYS? VYt? VYX 7 /

2t Sensitive to 4th generation of

quarks

Az

¢ Extra production from physics q t
beyond SM W

¢ Extra heavy gauge bosons (W,)

¢ Flavor changing neutral currents

¢ Charge Higgs q b

UNIVERSITY OF
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WHY STUDY SINGLE TOP?

Al

¢ Observing single top
paves way for Higgs

¢ Share same backgrounds

and final state (WH)

Az

¢ Higgs cross section ~10x
smaller

¢ Single top 1s the last SM

process to be observed

o=

before Higgs

K. Lannon

Tevatron Run Il, pp at s = 1.96 TeV

ﬁom?‘] t
iJets
~10°] "= 0 CDF Preliminary
C10 E|
D Heavy Flavor s CDF Published
010 1] = W Theory
w10
0102
=
010 3 W
: s 7
-010 '? =
102; Bia New
{ | [~10 orders WW .+ wy Single Physicg?
104 | |of magnitude! il Top -
1y P o ZZ Higg
10'1; g
L,
L ots Hegvngl' 2 w2 Wy H Wt 22 H...,'W%p;
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SINGLE TOP SIGNATURE

*W (lepton + Missing E1) + 2 jets (= 1 b-jet)
e—l.—

I
=) .
b

charged lepton

—

missing Er

S-Channel b

missing Er

b <
charged lepton

l‘/.
b T-Channel ™ %

R
K. Lannon E

¢
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TAKES MANY COLLISIONS TO MAKE

NA

SINGLE TOP

billion collisions at Tevatron

NA

collisions to give us a sample

Luminosity (pb'1)

1 R i il .,
BOOO |
4000 :_ ............................................................................................................................................................................................................
3000 o e
2000 ;_ Delivefe d el =
~ Acquired 7
1000 . e —
MM; : I B T i T -
1?)00 2000 3000 4000 5000 6000 7000

K. Lannon

01/03 01/04 0105 01/06 01/07
L L N B B B B LB

store number

s Single top production occurs approximately once in every 20

s Thanks to Fermilab accelerator division for producing enough
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CDF DETECTOR

2 CDF dataset
2 ~5 tb! on tape

VA

2t Single top analyses
use 3.2 bl

¢ Up to Aug. 2008

3¢ All detector
Components on

St Currently takes 6 = Silicon tracking mHadronic
3 detectors calorimeter
Weeks to cahbrate, mMuon scintillator
. counters
validate, and process
m EM calorimeter
raw data aSteel shielding

UNINVERS I'T"Y.:OF
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EXTRACTING SINGLE TOP

Tevatron Run Il, pp at \s = 1.96 TeV

Section [pb],
2 2
ul al

S
ik
o
~
il

ction Cros
— — —
o L) )
F+% w (@]
1‘ 3 llll.ld 1 il 10l 1 1 111

Produ
—
L)
w
M 4 lllm 1 1 il

—
-

h)
IM, AL

10+

17
107"

iJets

Heavy Flavor

2

~10 orders
of magnitude!

WW
Q

tE W7

0 CDF Preliminary
s CDF Published

W Theory

New

Single Physicg?

Top :
In) Higg
e

i
i

1072

| | | | | | | .

Jety Hoo W' 2 W, 2, Wy
vy F’avo

r

K. Lannon

e t 22 H, wiP?

A
e

¢ Experimental

challenge to separate
small single top
signal from huge

backgrounds
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JET BACKGROUND

Tevatron Run ll, p

Heavy Flavor
2

104 | |of magnitude!

p at\s =

1.96 TeV

Top
-r,r

New
~10 orders ww tt wz Single Physic

7z Higg

i

4

Jots Heg, wl 2w 2 Wy
ayo ,

K. Lannon

57

2 Hpe>

A
Z\§

¢ Rejected by trigger

Al

¢ Require lepton or

MET +jets
Rejected by W

selection (lepton +

MET)

: Residual contribution:

Al

2 Jets faking leptons
2 MET from jet
mismeasurement

s¢ Estimated from data

UNINVERS I'T"Y.:OF
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VW BACKGROUND

Tevatron Run Il, pp at\s = 1.96 TeV

K. Lannon

10
=10
a Jets Y
=10°] = 0 CDF Preliminary
L= Heavy Flavor s CDF Published
§10 = M Theory
010’
(7))
9106
(é r Il B B = =
01055 1w
210° it -
'C ‘_; 0 -
CL 3 0

102' = 8

{ | |~10"orders tt wz Single
10 3 of magnitude! Top
1: v -¢|- Z_?_Z
10‘11
10-2 J L aal T T T T
Ofs Hea W 2w 2 Wy Wpt 22 H,, N,

Al

¢ Rejected by requiring
two jets with at least
one b-tag

2t Residual

contributions:

2 W+ 2 jets (fake -
tag)

2% W +bottom, charm

Al

2 Estimated from
mixture of data and

MC

UNIVERSITY OF
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TOP AND DIBOSON BACKGROUND

Tevatron Run Il, pp at \'s = 1.96 TeV

—10"y
8 3Jets
%109;J. o CDF Preliminary
L= . i | Heavy Flavor = CDF Published
S 10" = W Theory
0 S
»n10 A
(7)) =
2 . n6]
510
= sl
210 \"Y
O - 7
S il
'510 ; =
&103? Wy Zy
10°} oo | ww ! P
1 | |~10 oraers 0 tt iSingle
10? of magnitude! ] el V\;ZITopI"ZZ'lI_H
13 v | S I.r;r |? |
107, gl
10‘23 . +

" Vet ’"fe.IaVyy,'f-' 2w 2 wy b

K. Lannon

Wy t 2 H, wiP?

11

Dithicult to reject

Al

2« Top pair: Require
2-3 jets (not 4)

A

2t Dibisons: Require
bh-jets

Residual

contributions:

% Irreducible W+2
jets and top
backgrounds

s Estimated from MC
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REMAINING BACKGROUND

S500u

S

qigate %vent
o
-
-

Can

K. Lannon

CDF Run Il Preliminary, L=3.2fb"

4000

............................................
...................................................
....................

.............

..................
.................................

000 W

1000 |

W+ 1 jet

12

All detectors
[ s-channel
I t-channel
WHlight
0 Wecharm
B W+bottom
I Non-W
B z+jets
[ Diboson
Bt
-¥-CDF Data
>+ Sys Uncert

W+2jets W+3jets W +4jets
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REMAINING BACKGROUND

500U |

4000

and,i\gate lg’vent
o
o
-

C

1000

K. Lannon

CDF Run Il Preliminary, L=3.2fb"

=

000 ?

.

SIS ISP SIS

L
[
[

[
L

W+ 1 jet

7

Vsl
e e e e

Signal Region
12

All detectors
[ s-channel
P t-channel
W+light
I Wecharm
B W+bottom | 4
I Non-W 7
B z+jets
I Oiboson
I .
*¥-CDF Data |1
>+ Sys Uncert

zzzzzzzzzzzzz

iy ey ey Sy Sy S ey Ay Sy Sy Sy Sy Sy

W+2jets W+3jets | W+4jets

% U/NIV E R S ITHY -OLF
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REMAINING BACKGROUND

S500u

CDF Run Il Preliminary, L=3.2fb"

] All detectors
. [ s-channel
| I t-channel
4000 Signal P
'.U_') :::’,Zf.--’,fj::-j_’_'::-:jf":.-:_f:'.-:'f:':-’jf":-"_Zf.--’_f:.-:_f_":./_j":-;_f.-:_jf:- ¢ - W W+charm
- ".' ".' . ,-’,I ‘:’.Z/:’.I' """"""""""" B W+bottom
B z+jets
| | BOOO W [ Diboson
a) S S / S S S s - tt
=2000 |
-
8 L
1 0 0 O ....................

K. Lannon

iy ey ey Sy Sy S ey Ay Sy Sy Sy Sy Sy

W+1ljet | W+2jets W+3jets | W+ 4 jets

Signal Region
12
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REMAINING BACKGROUND

CDF Run Il Preliminary, L=3.2fb"

S500u -
- All detectors
: . [ s-channel
44000 | Signal | Sz |
4 W+charm
E //////////// =W+bottom .
QO ///// S -No‘n-w -
(3000 | Movcecn |
D § Mt |
© ///////% ¥-CDF Data |-
%000 : 7 7 ' 24+ Sys Uncert |-
- % ’ - % Background uncertainties
81 000 [L . dwart signal

% Total uncertainty ~17%
* W+HF uncertainty ~30%

W+1ljet | W+2jets W+ 3jets | W+ 4 jets

U/NIV E R S ITHY -OLF

5) NOTRE DAME

Signal Region
12

K. Lannon



REMAINING BACKGROUND

CDF Run Il Preliminary, L=3.2fb"

500u F -
- All detectors
: . [ s-channel
4000 | Signal S |
QO ///// S | I Non-W
({3000} Movcecn |
QO % Bt
T 77,7 W oo ||
5000 ’ “
? s % Background uncertainties

Vv _: dwart SIS nal
EEch ettt ™,

% Total uncertainty ~17%
* W+HF uncertainty ~30%

W+1jet | W+2jets W+3jets | W Can't do counting experiment

Signal Region
12

U/NIV E R S ITHY -OLF
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TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

%}'((é ! = | — single to
¢lTo go.beyond cou}?tmg § of yore
experiment, use shape G [ WobsWee
P ) P o '—wqa =T g
ﬁt -'q:-,; - — Diboson = 1 g
S Z+jets = -
W . . . i 0.05F—acp 3
s¢ Provides 1n-situ : = s
constraint on 2
background R
5¢ Parts of the Q (lep) * n (I-et)
distribution 5 Perform binned likelihood fit
hopefully) have much -
(hop y) L(sig,bkg,...,bkgn) =
better purity
\/ o : . N_I_l B_Mk/ﬁnk
2¢ Which variable 1s H ' k (bkg;|1,A;)
best? i

UNIVERSITY OF
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DISCRIMINATING VARIABLES

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

c
(o]
— 1
T - S
S 0.2+ =
L 1 E
'E — =
9 — E
Yo = 5
—1 £
— S
- D —
o950 ""200 250

M (lvb) [GeV/c’]

K. Lannon

‘¢ Invariant mass of lepton,
neutrino, and b-jet

R

¢ Shows top mass peak for signal

Al

2 Top pair background also has
peak

Al

¢ Dithcult to reconstruct

¢ Neutrino = MET (no z
component)

¢ Which jet goes with top?

2« MET and jet resolutions

UNINVERS I'T"Y.:OF
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DISCRIMINATING VARIABLES

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

c
o I
= —
T - S
S 0.2 5
o 1 £
R e 5
g L —1 8
r— ©
" oaf = |8
—1 £
— S
. e —
o180 200250

M (lvb) [GeV/c’]

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

c
2 0.08
Q
<
L 0.06
5 |
i 0.04}
0.02F =
s 0 o5

K. Lannon

coso (lep,l-jet), . ..

normalized to unit area

| — single top
0.1+ tt
Wbbswee 1l L

— We
i —_,__l_|_

| —Wqq

Z+jets
—— QCD F—=

Event Fraction
o
o
(&)

— Diboson F—-—'"—"‘—=

normalized to unit area

Q (lep) * n (I-jet)

Al

¢ Angular correlations:

st Lepton charge times 1) of light

jet

s¢ Cos(polar angle) between lepton
and light jet in top rest-frame

s¢ Take advantage of production

characteristics

15

UNINVERS I'T"Y.:OF

) NOTRE DAME



DISCRIMINATING VARIABLES

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

K. Lannon

c
(@)
— ]
S ool 3
E 0.2} =
- i . =
c - e =
o — 2
S —
o — g
0.1- -
- E— =
f— o
i . c
- =
L L L L | L L L L | L L L L
1000 150 200 250
2
M (lvb) [GeV/cT]
- TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
O I
i
o
L -
L =
et c
=
o °
> °
L N
©
| E
l =N
i L | '
1

0 05 1
coso (lep,l-jet), . ..

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

| — single top
0.1+ tt
Wbb+Wcc
| — Wc

| —Wqq

Z+jets

Event Fraction

o
=)
o

. QCD FA;

—|J_'_
__,__l_|_

— Diboson F—-—'"—"‘—=

normalized to unit area

Q (lep) * n (I-jet)

5 What about non-kinematic

variables?

16
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TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb

g —s_ingle top
: = | t
5¢ All events contain at & oo WbB+Wcg 3
: — - — Wc ©
least one /-tagged jet & — Wad =
% a:, Dil?oson g
¢ Only about half ofj i, Zijets 3
backgounds contain ‘Tl = s
real /-jet e = :
¢ Can we distinguish | = e S e
lb f é? '1 '0-5 0 0-5 1
real o-tags Irom non-o! KIT Flavor Sep. Output
%}::—@ Neural network: MlStag/Charm .................................... BOttom
combine several Ly, vertex mass, track multiphcity,
variables impact parameter, semi-leptonic

decay information, etc...

UNIVERSITY OF
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NORMALIZED TO EQUAL AREA

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

c
o i
— ]
S ool 3
E 0.2} =
- i . =
c - e =
() - —1 L
S —
o — g
0.1- -
N —_1] £
f— o
. c
- =—
L L L L | L L L L | L L L L
‘POO 150 200 250
2
M (lvb) [GeV/cT]
- TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
O I
i
o
L -
L =
et c
=
o °
> o
L N
©
| E
| 2
0- T R T T T

1205 0 05 1
coso (lep,l-jet), . ..

K. Lannon

1 ";0|.5'”'(|)””0:5” 1
KIT Flavor Sep. Output

}CIAP UL‘ILVERSITYOF
s ® G

g | — single top
— 01 — - tt
% WbbsWee ol [ 3
- | — Wc ©
L —Wee =1L =
T " —Diboson | = T 3
q>) [ — Z+jets ; _-g
- -
i m ©
: £
| o
. c
O.— _ l ; l ; l
-2 0 2
Q (lep) * n (I-jet)
TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
g - s_ingle top
'..3 tt _ o
B Wbb+Wcc o
E 0.2 —Wec ®
o — Waqq =
c — Diboson =S
0 Z+jets _ﬁ
L B QCD @
0.1 S
©
I E
- o
i c
0
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NORMALIZED TO EXPECTATION

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

Q [ single top
q:, i Cltt
S 400 CIWbb+Wct|
] i W We 5
() I M Wqq o
st 300 [ [ Diboson +
© . e]
ro) . [ Z+jets b
-_a l JQcb %
c ZOOE_ o data al e
© [ ] 5
o L c
- O
100 =
150 200 250
2
M (lvb) [GeV/cT]
TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
2
o 150+
> - S
w | 3
£ | I S R
S 100 ;
© ©
c :
O 2
O
=

1 ©

1 05 0 05 1
coso (lep,l-jet), .«

K. Lannon

2] [ @ single top
CC, Ottt
2000 wbb+Wcec ©
= " I Wc T
Ll - _ 1 S
) r EWqq gl Q
+ 4 50[M Diboson —a- +=
g - [ Z+jets ®
— [ [1QCD N
© - ©
c 100 £
© i o
(& | c
| O
50 =
-2 0 2
Q (lep) * n (I-jet)
TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
..9 - M single top
CC, Ottt
S . CJwbb+Wce «
w - @Wwe_ || 8
o 200 E Wqq i o
e i [ Diboson =
% I [Z+jets °
e I 1QCD N
g | o data g
i O
=

1 -0.5

19

0 0.5 1
KIT Flavor Sep. Output
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NORMALIZED TO EXPECTATION

lidate Events

\I2.

Al

~

AN

Candidate E

4oo:

300}

top from backgrounds

-t

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb

[ single top
Ctt

— ] Wbb+Wcc
[ I B Wc
ey B B Wqq

[ [ Diboson

(=]
=)

50}

[ Z+jets
Qcb

coso (lep,l-jet), . ..

K. Lannon

lized to data

MC normalized to da

19

lidate Events

Candidate E

TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1

200

150}

[ @ single top

N

—[JWbb+Wcc

- EWc |
p MWaq LT T

200

-1 -0.5

[ Diboson .| ﬂ
I
-0+ 1 -

- [ Z+jets
[ IQCD

¢ Each variable contains useful information

a mwce I
- B wqq -
[ Diboson
[Z+jets
[QCD

o data

0 0.5 1
KIT Flavor Sep. Output

@ .

lized to data

MC normalized to da

 No single varable powertul enough to separate single

¢ Need to combine information from many variables
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MULTIVARIATE TECHNIQUES

c TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1 c TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1 TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
o - F
=] ] =]
-t o e
8 $ 8 ¢ 8 $
S S S
e < o < I =
= S = E = s
o L [ 2 [ 2
> > >
o g w g w :
E £ £
o 5] 5]
c c c
1000 150 200 250 -
KIT Flavor Sep. Output M (vb) [GeV/c’] Q (lep) * 1 (I-jet)

Z O T NONENE,

¢ Goals:

Yy
¢ Combine multiple @
variables into single,
f(x,y,2

more powertful

Al

—

— -

e

discriminant

A

¢ Reduce dimensionality

of problem
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DIFFERENT TECHNIQUES

s Matrix Element Pi(zr) = i /dnUz‘(y)déhdQ2f(€l1)f(Q2)W($\y)
3¢ Uses LO matrix elements to ; T T
calculate probability for ditferent PDFs
processes

2¢ Includes detector resolutions

(transfer functions)

% Neural Network, Boosted

Al

Nyal pSignal
l_[i=1 P

i

-[.:Si gnal _

Decision Tree, Multivariate [T pEnaly 3 "8k [7hat pim s o

m=1

[ikelihood function

2

¢ General purpose multivariate

7

techniques

Al

s Train using realistic MC for

signal and backgrounds
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USE EACH

Boosted Decision Tree (BDT)

— Single-Top
g E — b-like
© 0.06— c-like
'c - Mistags
> 0.05F i
o TUF = —tt
L -
'8 C
N 0.04
© C
€ o.03 —~
o C
=z C
0.02-
0.01
0: IlI|ll||IIlIIIllIIIIlIIIIIl.
1 08 -06 -04 02 0 02 04 06 038 1
BDT Output
- Si
CDF Run Il Preliminary 90.'.?3.'38“'0"
c-lke
i Mistags
@ |- ¢~ tt-bar
a’ )
Q.
@ | ] |
5l Matrix Element (ME) §
ol
o[ ]
DI
N
@[
el
— '
Ol
Zt
0 0.2 0.4 0.6 0.8 1

K. Lannon

Event Probability Discriminant

TECHNIQUE

Multivariate Likelihood (LF)

8
< -1
:’é" 10 -1 '
5 10 ;r
2
10 - , T A
10
0 0.20406 08 1 0 020406 08 1
Lt::han Ltchan
E t-chan
=1 =1 — s=chan
g 10 " Wbb
>, we(c)
10 mistags
Also optimized for
0 02040608 1
W s-channel (LFS)
TLC 2Jets 1Tag CDF Il Preliminary 3.2 fb'1
< 015_ —single to
(o) i Ing P
pr=— i tt
g I Wbb+Wce S
I.t i —Wc_ «©
~ 0.1 —Waqq =
c L — Diboson S
d>’ - Ztjets L
L - QCD §
0.055 E
o
B | <
0- T B T TR B
-1 -0.5 0 0.5 1
NN Output
Neural Network (NN) P
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ANALYSIS STRATEGY

Signal regions

Side-bands/Control Regions

Data

s UNIVERSITY OF

K. Lannon 23 *
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ANALYSIS STRATEGY

Monte Carlc

Event
Selection

Split data by trigger, # of
b-tags, # of jets

8 channels total

* e UNIVERSITY OF

£ NOTRE DAME

K. Lannon 23



ANALYSIS STRATEGY

Do separately for each

multivariate technique:
Boosted Decision Tree
Likelihood function
Matrix Element
Neural Network
S-Channel Likelihood Function

* e UNIVERSITY OF

NOTRE DAME

K. Lannon 23 - ‘



ANALYSIS STRATEGY

* e UNIVERSITY OF

NOTRE DAME
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ANALYSIS STRATEGY

Monte Carlo

Deda

Event
Selection

Cross Section

CDF Run Il Preliminary, L = 3.2 "
£10° £

0 100
Test Statistic [-2In(Q)]

Apply

Discriminant

e

Fit templates

to Data

Signal Significance

MM
s S

K. Lannon
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VALIDATION OF INPUTS

5 Critical that all 1nputs be well modeled within uncertainties

CDF Run I Prellmlnary L =3. 2fb CDF Run Il Prellmlnary L 3.2 fb CDF Run Il Prehmmary L 3.2 fb

[Wt-chan
[JWalight 40

.-c an
4000 F i
P lepton Dua S 7))
T EW+bonom 250 F + + [lW+bottom q
» Non-W » n
000 Wz+iets - + 3p i’
B Untagged -l 5 200 ; + double = o
o o . p tagged o
() [} ()
000 ] éf 5 150 §f § §f =
:E“ g T 100 g T% g -'3
1000 | 18 S g O 10 i ,ﬁ
E ;; : 50 : : o p=q
o o o
0 & 0 & 0 & $—i
20 40 60 80 100 120 140 20 40 B0 80 100 120 140 ~=
pr() p+() EQ
[ )
CDF Run Il Preliminary, L=3.2f6' B : =
T un T Frelminary, =2 e 300 CDF Run Il Preliminary, L=3.2 fo
+Ig T T
a0l
4000 | i (S
+°f Untagged 22 ) o
c c -
L3000 2 200 § Sor dOUble
(1 (i
i v
9 9 450 = [0] tagged S
< 3 : WM 20f g
T2000 e v o 7
© o] & — o
= © o
§ § 100 > 2 i @
1000 © ; O 10} : 37
0 0 )
0
0 50 100 150 0 50 100 150 0 50 100 150 q
my(W) mp(W) m (W) :S
J (n ) CDF Run Il Preliminary, L=3.2 15" [ s e CDF Run Il Preliminary, L=3.2 o' Ef_jfn":j' CDF Run Il Preliminary, L=3.216" _ Eiﬁ:n"n"j' 'ﬂ
T T T T T DW light B W-light Wolight
charm H [Wacharm [[Wacharm
2000 U nta e Exb::om S ng |e [ Vsbotom d ou b I e [l W-bottom
o gg 4 ENonW » ENon—W n 30 ENon—W
= Wzt € 150 Zijets b= r Zipts
&1500 | i 3 oioson 3 tagged o D)
] L LU
8 z & 100 1z 2 B 'M
S1000 13 5 : 3 g o)
5 2 T 2 © g O
c = o o
© 7 3 1e s e
8 soo] i &w S =
J a 5 g
m_‘ : g : ( >
0 I gv 0 o) 53
-2 -1 0 1 2 -2 -1 0 1 2 - -
(1) n(1) (1)

UNINVERS I'T"Y.:OF

NOTRE DAME

K. Lannon 24



VALIDATION OF OUTPUTS

¢ Also need to check all variables together (correlations)

Al

— .

T p—— . -1
CDF Run Il Preliminary, L=3.2 fb"' CDF Run Il Preliminary, L=3.216"  [S | (g ET Shonnely CPPU P: ".m":atry 220
8000 F ' ' ' ' ' ' Waii - single top
| _Untaggedz..  §6000- Untagged S _
I U nta ed 1 OS lW-+bottom > B DWbb"‘WCE ©
" I g g M E " [ENon-W Ll I EWc ©
= 6000 = Wz+iets - w - T
c c 10° , O aq pd
<1>> g =:'b°5°“ ?B. [ Diboson ha
U W g - Duia ] [ Z+jets 3
) ' = O — JQco N
= 4000 13 = = T s
£ S - :
- s B - B° 5
S 2000 € O 5 =
' 5 10” 5
'*'—;'#ﬂ‘-"*-hh-.u*kﬁ; 8 ] 9’ = =,
0 o 10° d 0Ft—=== )
0 02 04 06 08 1 1 05 0 0.5 : -1 -0.5 0.5 1
KS: 3.1%
Chi2/DoF: 45.5/40: 24.0% EPD-2j1t untagged BDT21t NN Output
_ _ -1 [ls-channel . s _ -1 Ws-rame CDF Run Il Preliminary, rLdt =3.2fb"
CDE Run Il Prlellmlnary,l L=2.7 fb | 5t-channel CDF Run Il Preliminary, L_2.20'fb Eww P e
W-ligh Walight
100 DWW:;”“ WWecharm 6000 =s-channel
. [ W+bottom . W tctem t-channel
on- 80 + ENeawW tt
2 4 Tagged W+4jets  |gw- 2 Tagged W+4jets & so00f Untagged .
QC) n .D|boson Q \ -Dh.‘f,'? " [ Zjet
> " [ > 80 [ I i B wob
L:l) 60 aa -*-Data Lg B DT ’ « Do - 4000 -ch/Wc <
-.(_“‘ 15 ] g ‘(G 1 > i Wiet "‘-“'
o + 13 B a0l : 3000; Bronw O
.-g 40 g '8 f_,j [ L F S Syst. error 8
S o @ 2000} 3
© 15 O 20/ g N
20 g | a [ i T
18 g 1000¢ o £
- 1 & o 8 B TR renes |O
| ——— L RN ; e o
Ks: 5399 02 0.4 0.6 0.8 1 -1 05 C 0.5 1 % 0.10.20.3 0.4 0.50.6 0.7 0.8 0.9
Chi2/DoF: 24.5/40: 96. 7zvent Probability Discriminant BDT2j1t Likelihood Discriminant
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SYSTEMATIC UNCERATINTIES

A

s« After Working hard to achieve best agreement between

data and background model, careftully assess systematics

Systematic Uncertainty Rate Shape
il | | B ' ' ' ' 3 Jet Energy Scale 0-10% | ¥
. o 7 = : ok s
§ Discriminant ””’é Initial + Final State Radiation | 0-15% v
§ Z Parton Distribution Functions | 2-3% v
§ 74 Monte Carlo Generator 1-5%
:\§ t 1 4 Event Detection Efficienc 0-9%
N\ Rate and % y
N Z T
;'\§ I Shape systematics i Luminosity 6%
N 74
;\S\\\T I 5 Neural Net B-Tagger v
fs N Z 7 Mistag Model v
SEaEEE siEnenneEnnaE SaaE Q? Uncertainty 4
Consider sources that atfect Input Variable Mismodeling ¥
¢ o Ty e
rate, discriminant shape, or both Wbb+Wee Normalization 50%
Wc Normalization 30%
Mistag Normalization 17-29%
Top Pair Normalization and mtop | 23% v
UNIVERSITY OF
K. Lannon % ) NOTRE DAME




Signal-Like Outcomes Background-Like Outcomes
— —
108 — Signal + Background
= 2x100M _ Background only
10 - Pseudoexperiments
.
106§' é
1051 5
= 0
- +
- n
10% S
- e
i =
10°
- Expected p-v4
“F p \f
10
II‘ | II|III|III llllllllllllllllllll

I|I
-120

K. Lannon

| I |
-100 -80 -60 -40 -20 0 20 40 60

-2InQ

%

N/
I\

Quote p-value:
Probability of upward
fluctuation of
background to data or
something more signal

like
P(data | s +b,0)
P(data | b,0)

=

O = Nuisance parameters
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SENSITIVITY

¢ Expected sensitivity for each discriminant

Al

) 0 " %) i
£ £ 600 £ 300
e 30 Q 60 _+_ 2
W 1000 . L ; L
400 200 F
500
200 100
0 : 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 -1 0.5 0 0.5 1
LF Discriminant ME Discriminant NN Discriminant
2 ' ' 9 40F ; ; -
c c _— -1
Q o CDF Run Il Preliminary, L = 3.2 fb
L L .
200 b - Single Top
B WP
8607 o8 009 1 -
B
100 } .
QCD+Mistag
B Other
0 ——
-1 0.5 0 05 1 0 02 04 06 08 1 Data
BDT Discriminant LFS Discriminant
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SENSITIVITY

A

30

Events

1000

20

4 4

10

0

0.7

500

Events

200 f

... =S
8.6 0.7 0.8 0.9

100 f

-1 -0.5 0 0.5 1
BDT Discriminant

K. Lannon

[72]

Event

600 f

60

« Expected sensitivity for each discr

40

0.6 0.8 1
LFS Discriminant

Events

minant

300t

0 0.5 1

NN Discriminant

CDF Run Il Preliminary, L=3.2 b’
- Single Top

I W+HF

B i

QCD+Mistag
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SENSITIVITY

¢ Expected sensitivity for each discriminant

Al

) 0 " %) i
£ £ 600 £ 300
e 30 Q 60 _+_ 2
W 1000 . L ; L
400 200 F
500
200 100
0 : 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 -1 0.5 0 0.5 1
LF Discriminant ME Discriminant NN Discriminant
2 ' ' 9 40F ; ; -
c c _— -1
Q o CDF Run Il Preliminary, L = 3.2 fb
L L .
200 b - Single Top
B WP
8607 o8 009 1 -
B
100 } .
QCD+Mistag
B Other
0 ——
-1 0.5 0 05 1 0 02 04 06 08 1 Data
BDT Discriminant LFS Discriminant
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Initial Configuration: After evolution:

/ Input Node

/A

—

7\

Super Discriminant
(SD): Treat outputs

of discriminants as

0 Bias Node

Hidden Node

C00e

Output Node

Inputs to new

discriminant

e o

O
S o : . .
* Use Neural Network Neuro-Evolution of Augmenting Topologies (NEAT)
fOI‘ SD K O. Stanley and R. Miikkulainen, EvoIutionargCh(:no;nputation 10 (2) 99-127(2002)
5 i CDF Run Il Preliminary, L = 3.2 fo' I((E:En?;:)
¢ Optimize for best 2 Fouen 1agTL0 ¢ty
e Mistogs
expected p-value (52000 o
. . 1800 ;sz
using genetic 1600 =t
algorlthms 14008
1200 7t ~
¢ Network weights 10005 - + 5
ool L
% Network topology 500 ot =
r 0.7 0.75 0.8 0.85 0.9 0.95 1|70
¢ Histogram binning 4008 8
200" 5
- UNIVERSITY OF

= RN RPN RRTEE AAFTE SARTE EUNES SURRE SUENN EREEA DU
00 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1
Neural Network Output
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: Initial Configuration: After evolution: Input Node

/A

—

7\

0 Bias Node

Super Discriminant
(SD): Treat outputs

of discriminants as

Hidden Node

C00e

Output Node

Inputs to new

discriminant - |
O O
o : . ;
* Use Neural Network Neuro-Evolution of Augmenting Topologies (NEAT)
fO]f‘ SD K O. Stanley and R. Miikkulainen, EvqutionargChCornputation 10 (2) 99-127(2002)
7 . : CDF Run Il Preliminary, L = 3.2 fo' I%@n?ﬂ)
¢ Optimize for best 2 Fouen 1agTL0 | O
Q ot Mistags
expected p-value (1i2000}- = 2t
. . 1800 wz
using genetic 1600 =t
algorithms 14008 ;
12005 o
¢ Network weights 1000 :
800; :
¢ Network topology 500 oot
¢ Histogram binning “ooF S
200, 5
: UNIVERSITY OF

= RN RPN RRTEE AAFTE SARTE EUNES SURRE SUENN EREEA DU
% 010270504 0506 07 08091
Neural Network Output
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R

¢ Recover single top events with no reconstructed lepton

A

» Lepton outside detector acceptance

AW
L7

2\

K\

W decays to tau + neutrino

Must deal with overwhelming QCD
background: mismeasured jet - MET

CDF Run Il Preliminary, 2.1 fb"

o 700
S L : ®DATA
E : _+ Top T
g 600 — lTop S
> - c
w - Multijet o
_— iboson E
500 :° ik
n +_ Z +hdt. S
00— W+ h.f. =
- tt (/2]
- 8
300— . o
- 4 X
- :
[ o y
200 o +- j*_j*a 5
C '9“&:*: o o c
- ST : - O
100 **:.—T-_.-. =
L ¢ o=
— Bn ; N
_ih‘djﬂ e e 'fLeJ oL !
95 - -0.5 0 0.5 1 1.5

Event Selection NN Output

Develop NN specifically targeted at
removing QCD: uses angular correlations
and difference between calorimeter MET
and missing track momentum

K. Lannon 30
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MET+JETS

R

A

A
K\

P
Z\

W decays to tau + neutrino

Must deal with overwhelming QCD
background: mismeasured jet - MET

CDF Run Il Preliminary, 2.1 fb’

¢ Recover single top events with no reconstructed lepton

» Lepton outside detector acceptance

Final discriminant is NIN using kinematic
quantities, similar to other channels

© 700 CDF Run Il Preliminary, 2.1 fb"
c. | @ DATA
3. t 12 350 |
& 600— Brops g —t— *DATA
u>J E Multijet § % 300 __ + Top T
500 — Bpiboson % :>j L IE—— Ptops
I~ +hf. (4 B
- + Bz.ns s o 5030000 Multijet
400 Pwnt = 250 _l_ [
- - 7 L | ﬁ— Diboson
= ) ) : Bz +hi
300(— 2 2001 BW +hf
- S/B from 1/50 to 1/2 &
200 . o .
- Minimal loss of signal Frde
il =
1001 100
e 1 1 1 1 ﬁ_eJ 7Y 1
95 -1 -0.5 0 0.5 1 1.5 50
Event Selection NN Output
Develop NN spemﬁcally targeted at | e

removing QCD: uses angular correlations
and difference between calorimeter MET
and missing track momentum

07 o8 -06 -04 02 0 02 04 06 08 1

Final NN Discriminant Output

Backernounds s it e s Signal

MC normalized to SM prediction

K. Lannon

30
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COMBINED FIT

@0 200
C
o
>
L
150
100
50
O ‘
0 0.2 0.4 0.6 0.8 1 -1 -0.5 0 0.5 1
Super Discriminant MJ Discriminant

CDF Run Il Preliminary, L = 3.2 fb’

= onge top 3¢ Do a stmultaneous fit to

— I independent data sets to obtain
QCD+Mi

e Othe: St ﬁnal CDF reSUIt

—e— Data
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CROSS SECTION RESULT

CDF Preliminary Single Top Summary
For M, = 175 GeV/c®

S-Channel
leellhood Function 1
(3.2 ) '

ol
I+
oo
o ©

Neural Network —
eural Networ +
Matrix Element 4+ 0.7
(3.21") 2.5% 0.6
——
Likelihood, Function 1.6+ 0.8
(3.2 "~ =07
e s
Boosted Decision Tree 21+ 0.7
(3.21") 1= 0.6
Combination (Lepton+Jets) 0.6
ombinatipn (Lepton+dJets + O
mzmp 2j"05
MET+Jet <4102 26
+Jels + <
(2.1 > 4.9+ 33
Combinatipn (All Channels)
| (32be | A23+ 0.5
-5 0 )
Single Top Production Cross Section (pb)
NLO: Z.Sullivan, Phys.Rev.D70,114012 (2004) NNNLO: N.Kidonakis, Phys.Rev.D74,114012 (2006)
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CDF Run Il Preliminary, L = 3.2 fb’

Al

¢ Assumptions:
s¢ Standard Model (V-A)
coupling
thl >> |Vtu| + |Vts| (from
B(t—WDb) measurements)

IV, | >0.71 (95% C.L.)

N
7§

Posterior Probability Density

2 ' 95% 68%
wb,SM‘ OIII0.|2|II0.|4||2|0.|6|||0.|8|||‘|I
JSM Ithl

2 JTRE&S

L

“ftb,meas

Central value:  |[Vi| =0.91 £0.11 (exp) + 0.07 (theory)

95% C.L. lower limit: = |Vi| > 0.71

Z. Sullivan, Phys.Rev. D70 (2004) 114012

UNIVERSITY OF
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SIGNIFICANCE

CDF Run Il Preliminary, L = 3.2 fb’

—
o
(o]

Pseudo-Experiments
o

'y
o
(63}

-300 -200 -100 0 100
Test Statistic [-2In(Q)]

Expected p-value : xxx x10 -19: 55.90
Observed p-value: 3.1 x107: 5.00

K. Lannon

Analysis | Significance = Sensitivity
NN 3.50 5.20
ME 4.30 4.90
LE 240 4.00
LES 2.00 l1.10
BDT 3.50 5.20
SD 4.80 =590
MdJ 2.10 1.40

Combined 5.00 >5.90

34

400 Million pseudo-experiments!
(130,000 CPU hrs)

vita [cepol
ou- | sees
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SIGNIFICANCE

—h
o
©

e_rjments
o
~

P

—
o
o))

Pgeudo-Ex
<

Test Statistic [-2In(Q)]

Expected p-value : xxx x10 -10: 5590
Observed p-value: 3.1 x107: 5.00

K. Lannon

34
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RESULTS FROM DO

DG 2.3 fb’ March 2009

|
Decision Trees

MVA Expected | Observed
Signif. Signif.

3.74 T57g pb

I
Bayesian NNs —e— 4.70 ia_';g pb BDT 430 4.6 o
Matrix Elem:ents 4.30 i?_'gg pb BNN 4.1c 520
I
BLUE Combination 4.16 +0.84 pb ME 4.1c 49 o

BNN Combination
|

3 94 +0.88 pb BNNComb 450 5 0 G

mmmm N. Kidonakis, PRD 74, 14012 (2006) my,, = 170 GeV

| |
0 S 10

o (pp — tb+X, tgb+X) [pb]

UNINVERS I'T"Y.:OF
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RESULTS FROM DO

D@ 2.3fb™" March 2009
.. | +0.95 MVA Expected | Observed
3.74 b
Decision Treles —0.79 P Signif. Signif,
Bayesian NNs —e— 4.70 ia_';g pb BDT 430 4.6 o
Matrix Elem:ents 4.30 i?_'gg pb BNN 4.1c 520

4.16 +0.84 pb ME 4.1c 496

BLUE Combination

BNN Combination
|

mmmm N. Kidonakis, PRD 74, 114012

|
[N |

Migp = 170 GeV

N/

0

55 Observation!
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* CDF and D@ both submitted papers to PRL on
March 4th

% Another 50 discover from the Tevatron
% Direct measurement of |Vl

** Look forward to more single top results'in future
%% Precise s- and t-channel measurements
* Top polarization

* Tevatron single top combination

% Last SM process to observe before‘the Higgs....

| "eeELTE

photo: Reidar Hahn; artwork: Jan Lueck



¢ Major etfort to find the Higgs at CDF (and DQ)

both through direct searches and indirect means....

Direct searches: Like single top.
¢ Multivariate techniques
s Looking for excess of Higgs
signal above background

CDF Run Il Preliminary fL=3.6 fb”

- 0S 0 Jets, High S/B W
- M, = 165 GeV/c? i

Events / 0.05
3,

-
o
|

—h

—-i IIIIII| I IIIIIII| I IIIIIII| T

-
<

—h
<
N

1 1 11 1 11 1 11 1 1 1 111 1 111 11 1 | | 1111
-0.8 -06 -04 -0.2 0 02 04 06 038 1
NN Output

K. Lannon

Indirect constraints:

¢ Precision electroweak
measurements sensitive to
Higgs mass

s In particular, for Tevatron,
Higgs and Top provide radiative
corrections to W mass

¢ Precise measurements of Mw

and Mt give hints about Higgs

t H
W W

AMy, o M2, AMy, oc In My,

UNIVERSITY OF

11) NOTRE DAME
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DIRECT SEARCH FOR HIGGS

Al

2t Different search strategies in for high mass and low mass
_ T~ ] 1.0~

O.1F <t

102
100 120 140 160 180 200
my (GeV/c?)
10-3 : A -
100 120 140 160 180 200

2
my (GeV/c9)
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DIRECT SEARCH FOR HIGGS

Al

2t Different search strategies in for high mass and low mass

1 [ T T X T T 3] 1 . 1 Ll I T T

1.0F

O.1F ¢

s.. | 0.1}

1024
100 120 140 160 180 200
my (GeV/c?)
10-3 : A -
100 120 140 160 180 200

2
my (GeV/c9)

¢ High mass:
2 H>WW dominant decay

2t Search using direct production:
gg—W
K. Lannon 38
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DIRECT SEARCH FOR HIGGS

Al

2t Different search strategies in for high mass and low mass

T

' 1.0F
bb [

O.1F ¢ E

sv 0.1}

1024 |
100 120 140 160 180 200
my (GeV/c?)
10-3 : A -
100 120 140 160 180 200

m (GeV/c?)
H Low mass:

2t H—bb dominates

A

¢ Search using associated production:

WH—lvbb, ZH—Ilbb or ZH—vvbb

2t Search using direct production:
gg—W
K. Lannon 38
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RECENT PROGRESS

-+ More acceptance ¢ Combine all channels using

st Additional Triggers information about SM ratios
2 AC cﬂitionaﬂ le ton sele CtiOIl CDF Run Il Preliminary, L=2.0-3.6 fb™
d Liep = LEP Limit =~ Expected
Al — — serve
¢ New final states/channels 210 B 10 Expected
- +20 Expected
¢ Better reconstruction o
52
A : 3
¢ Jet corrections
2 QCD rejection 1 SM=1
2« Advanced multivariate 100 110 120 130 140 150 160 170 180 190 200
: m,(GeV/c?)
techniques
* ME + NN/BDT
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RECENT PROGRESS

-+ More acceptance ¢ Combine all channels using

st Additional Triggers information about SM ratios
B PO e 7 ° imi - - -1
2 ACLC_ltIOIlaA leptOn Selectlon - :CDF Run Il Preliminary, L=2.0-3.6 fb
2 o2 !  epess E ted
A g i —LEP Lt — Otgee(r:veed
s¢ New final states/channels 210 B 10 Expected
L — +20 Expected
N B . ::
o Detter reconstruction o
o2
A J : 3
a Jet corrections
2 QCD rejection 1 SM=1
2« Advanced multivariate 100 110 120 130 140 150 160 170 18(2(;3/0/ g)oo
: m,,(GeV/c
techniques
2 ME + NN/BDT Higgs Mass  Winter 08 | Winter 09
g8

115 GeV/c? | 5.0xSM | 3.2xSM
In the past year: | 160 Gevic? | 2.6xSM | 1.6xSM

K. Lannon 39
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TEVATRON EXCLUSION!

Tevatron Run I Prellmmary, L=0.9-4.2 fb™

...... LEP. Exclusmn | Tevatron
X S Exclus;on

95% CL Limit/SM

100 110-120-130-740-750-760 170160190 200

GeV/
CDF and D® Combined Mu(Ge *CUZWERSITYOF

K. Lannon 40 1) NOTRE DAME




LATEST TOP MASS RESULTS

CDF Top Quark mass (*Preliminary)

All-hadronic
(Run )

186.0+£10.0+ 5.7

Dilepton
(Run )

Lepton+jets
(Run |)

*Dilepton
(1.917)

*Lepton+Jets (Lxy+lepton pT)

(1.917)

Lepton+Jets wA

(3217 P4

167.4+10.3+4.9

176.1+ 5.1+ 5.3

171.2+2.7+29

4

175.3+ 6.2+ 3.0

- 1721+ 09+1.3

- o=
i : A
All-hadronic ' 1
(2.9fb'1) 4" 1748i 17i 19
-
CDF Winter 09
i 1726+ 0.9+ 1.2
. (stat.) = (syst.
¥2/dof = 3.6/6 (73%)
| | | | | |
150 160 170 180 190 200

My, (GeV/c)

41

.
—

s Measure the mass with
different techniques in
ditferent channels

3¢ Combine for best
precision

— -

3¢ Tevatron combination:
173.1 £ 0.6 (stat) & 1.1 (syst) GeV/c’

-
— -

¢ Real work now 1nvolves
understanding and
reducing systematic
uncertainties
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LATEST TOP MASS RESULTS

CDF Top Quark mass (*Preliminary)

®
All-hadronic
(Run )

186.0+£10.0+ 5.7

Dilepton
(Run )

Lepton+jets
(Run |)

*Dilepton
(1.917)

*Lepton+Jets (Lxy+lepton pT)
(1.917)

Lepton+Jets wAs
(3217 P&

- : A
All-hadronic I 1
(2.917) P

'CDF Winter 09
(3.21b7)

167.4+£10.3+ 4.9
176.1£ 5.1+ 5.3
1712+ 2.7+ 2.9
175.3+6.2+ 3.0
1721+ 0.9+1.3
174.8+1.7+1.9

v 172.6+ 0.9+ 1.2

(stat.) = (syst.

0.86% precision! s2ldof = 3.6/6 (73%)

150 160 170 180 190
My, (GeV/c)

200

41

.
—

s Measure the mass with
different techniques in
ditferent channels

s Combine for best
precision

_

3¢ Tevatron combination:
173.1 £ 0.6 (stat) & 1.1 (syst) GeV/c’

-
— -

¢ Real work now 1nvolves
understanding and
reducing systematic
uncertainties
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LATEST TOP MASS RESULTS

CDF Top Quark mass (*Preliminary)

®
All-hadronic
(Run )

186.0+£10.0+ 5.7

Dilepton
(Run )

Lepton+jets
(Run |)

*Dilepton
(1.917)

*Lepton+Jets (Lxy+lepton pT)
(1.917)

Lepton+Jets wAs
(3217 P&

. _ A
All-hadronic } 1
(297  FN

'CDF Winter 09
(3.21b7)

167.4+£10.3+ 4.9
176.1£ 5.1+ 5.3
1712+ 2.7+ 2.9
175.3+6.2+ 3.0
1721+ 0.9+1.3
174.8+1.7+1.9

o 172.6+0.9=1.2

(stat.) = (syst.

0.86% precision! s2ldof = 3.6/6 (73%)

150 160 170 180 190
My, (GeV/c)

200

41

.
—

s Measure the mass with
different techniques in
ditferent channels

s Combine for best
precision

_

3¢ Tevatron combination:
173.1 £ 0.6 (stat) & 1.1 (syst) GeV/c’

0.76% precision!
2 Real work now 1nvolves

understanding and

f—

reducing systematic
uncertainties
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CONSTRAINT ON HIGGS MASS

A

3¢ Includes Tevatron
combined top
mass and world
average W mass

2% New DO W mass
measurement not

yet included

K. Lannon

March 2009
|

|
1 — LEP2 and Tevatron (prel.)

80 54 ~ LEP1 and SLD
68% CL

-
="
-
-

-
________

200

42
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2¢ CDF excited and

6 March 2009 Myt = 163 GeV
motivated by recent |
ingle top ob t . Al =

SIngie top observation 5 - . — 0.02758+0.00035 N
¢ Progress being made .- e ]

on search for Higgs _

o Al

(both direct and = 3- -

indirect) , '

s Tevatron-wide effort

s¢ More data to come 1- B
2T ook forward to 0 Excluded N\, / Preliminary

30 100 300

future discoveries
m, [GeV]

K. Lannon 43 ==
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